Mechanical hysteresis problems associated with pressure sensors based on interferometric measurements of diaphragm deflection are discussed. The source and importance of each contribution to the net hysteresis is calculated and compared with experimental results. Possible methods to decrease hysteresis effects are presented. Based on these suggested methods, new sensors have been manufactured and their hysteresis evaluated. The results demonstrate that significant reductions in hysteresis can be achieved with minimum cost. Future sensor development will focus on materials selection and manufacturing methods to fully realize these improvements.
INTRODUCTION
Mechanical hysteresis exists in all materials and will therefore affect the performance of pressure sensors that utilize a diaphragm. An illustration of mechanical hysteresis can be seen in the stress-strain curves for most materials: usually the curves are not precisely aligned in the increasing and decreasing load directions. Mechanical hysteresis results from friction-like irreversibilities which are dissipated as heat. The mechanical hysteresis effects can be minimized through proper choice of material and working stress level. For example, crystalline materials yield low hysteresis errors and diaphragms made of monocrystalline silicon show minimal hysteresis effects.' However, other optically-addressed sensor construction issues such as: 1) price; 2) reflectivity; and 3) availability in foil or thin sheet form, could limit the use of low mechanical hysteresis materials in some cases.
The pressure sensor arrangement considered in the present work closely follows that of MacPherson et al. 2'3 in which copper diaphragms are bonded to zirconia ferrules (part of a standard fibre optic communications connector) using an epoxy. While results obtained with these devices have been very encouraging, the issue of mechanical hysteresis has not been addressed. In the present work, auempts are made to characterise and minimize the mechanical hysteresis effects associated with optically-addressed pressure sensors constructed from zirconia ferrules with bonded aluminium and copper diaphragms. 
INTERFEROMETER AND CALIBRATION HARDWARE
The interferometer system used in the current work is illustrated in Figs. 1 and 2, and is very similar to the system used by MacPherson et al. 2'3 Light from a 20mW laser diode at 780nm is launched into a single mode fibre attached to a 50/50 bi-directional coupler. Light reflects off the cleaved end of the fibre, which is located about 10 pm from the diaphragm and propagates back towards the signal detector. Some of the light transmitted into the air cavity couples back into the fibre after it reflects off the diaphragm and also propagates back towards the signal detector. Deflection of the diaphragm due to changes in the external pressure alters the length of the air cavity and thus the relative phase of the two reflected signals. Changes in the relative phase of the two reflected waves are identified as changes in the intensity at the signal detector.
A tube was used for the pressure calibration of the optically-addressed sensors. The tube was approximately 2m long with an internal diameter of 27.5mm. The tube initially contained air from the laboratory environment at the local atmospheric pressure and ambient temperature. The laboratory ambient temperature was approximately 18°C, and the local atmospheric pressure was around 94kPa (Toowoomba is approximately 800m above sea level). The tube pressure was increased by adding compressed air from a regulated supply, and the subsequent decrease in pressure was achieved by venting the tube to the atmosphere. Each optically-addressed pressure sensor was mounted in a plate that was bolted onto the end of the calibration tube and the actual pressure within the tube was monitored with an electrical pressure transducer (Druck PTX 1400) that was previously calibrated using a dead-weight tester.
laser diode and launch optics 
ORIGINAL CONSTRUCTION TECHNIQUE
Details of the sensor arrangement are presented in Fig. 2 . The single mode fibre is fixed inside the zirconia ferrule (outside diameter of about 2.5mm, inside diameter of 0. 126.tm) using Araldite 5 minutes. The buffer (with an outside diameter of 0.25mm) remains on the fibre except for the last 10mm or so which is inside the ferrule. The distance between end face of fibre and the flat surface of ferrule is around 1O-2Oprn and this distance was established through visual inspection using a microscope. The diaphragms are cut into a circular shape with a diameter of about 2mm. The current work presents results with aluminium and copper foils fixed to the ferrule using either Araldite 5 minutes, Araldite 24 hours, or a 76.2pm thick polyester film adhesive (Bemis Associates Inc. 5250 adhesive film).
In cases where the Araldite was used to bond the foil to the ferrule, a thin layer (estimated as perhaps between 5 and 30j.tm thick) was established on the surface by spinning the ferrule at around 30,000rpm. The diaphragm was then glued in place while the ferrule remained stationary. Care is required to ensure the epoxy does not contaminate the end face of fibre as this results in a loss of signal.
In cases where the film adhesive was used to bond the foil to the ferrule, a hole in the film adhesive was made with a needle and the film adhesive was positioned on the ferrule which itself was mounted in the end of a soldering iron. The heating of the film was viewed through a microscope and when the film became liquid, the soldering iron was switched off. After allowing the film to cool, the ferrule was repositioned in a plate arrangement and the foil material was fastened in place over the film adhesive to form the diaphragm. To create a secure bond, the whole plate arrangement was place in an oven at 230°C for 30mm. Figure 3 illustrates the results from a sensor with a 55pm thick aluminium diaphragm bonded to the ferrule with the film adhesive. Figure 4 illustrates the output voltage as a function of applied pressure for a sensor with a 7.2j.tm thick aluminium diaphragm (aluminium foil material supplied by All Foils Inc. and designated 1 145-0) and fixed to the ferrule using Araldite 5 minutes. In Figs. 3 and 4 , the maximum difference in applied pressure for the same voltage output for the increasing and decreasing pressure is around 150 and 300kPa respectively, while the total range of the pressure loading was only 610 and 58OkPa. Such levels of hysteresis are not conducive to high precision pressure measurements in flows with high frequency, large magnitude fluctuations.
SOURCES OF HYSTERESIS

Diaphragm material
One of the main motivations for constructing optically addressed pressure sensors is to decrease the cost of experiments in harsh wind tunnel environments such as shock tunnels because of the relatively high attrition rate of fast-response transducers that are exposed directly to the flow. While the sensor cost is an important factor, an expensive diaphragm material could be used provided a manufacturing method is developed that doesn't require much material. The diaphragm should be an optically reflective material that is available in thin foil or sheet form. 
where V is cavity visibility which can be calculated using,
The factor k incorporates losses, and I and Ij are the cavity maximum and minimum reflected intensities respectively. l is measured intensity and 0 is optical phase which is related to the optical path length according to As different points within the diaphragm experience a different maximum stress, precise simulation of hysteresis effects in a diaphragm sensor requires data from a number of tension tests each inducing a different maximum stress.
However, in the present simulations, the relative hysteresis behaviour of the materials is assumed to be independent of the actual maximum stress. The unsupported diaphragm diameter was taken as 0.4mm for the aluminium diaphragm and 0.25mm for the copper diaphragm in the simulations as this is thought to be representative of the actual construction using the Araldite bonding. From Figs. 7 and 8 it is apparent that the mechanical hysteresis of the diaphragm material makes a significant contribution to the net hysteresis observed during sensor calibration. The maximum effect for both materials is around 150 kPa over a range of700kPa which is unacceptably large.
Diaphragm bonding material and arrangement
The hysteresis of the film adhesive and the Araldites has not yet been identified through tension testing. However, these materials are expected to have a hysteresis effect which may play an important role in the net sensor hysteresis. Figure 9 illustrates the proposed model for hysteresis of the bonding material. where A is wavelength and ni is optical path length, n is the refractive of index of the medium and 1 is the cavity length.
Assuming a clamped edge support for the diaphragm, the deflection can be calculated using,'
where E is the modulus of elasticity, r is the distance from centre of the diaphragm, a is the radius of diaphragm (to the clamped support), p is Poisson's ratio, h is the thickness of diaphragm, and AP is the difference in pressure across the diaphragm. Two methods have been used to bond the diaphragm to the ferrule as illustrated in Fig. 10 . In the first method, which is illustrated in Fig. lOa , the epoxy is around and on top of the diaphragm edge. With this first method, a moment could be transferred into the epoxy near the diaphragm edge. In second method, which is illustrated in Fig. lOb , there is no bonding around the edge of the diaphragm and thus there is no bending stress near the diaphragm edge for this method.
To estimate the significance of bond hysteresis effects, a uniform distribution of shear stress was assumed for all points within the bonding material. For simplicity, it is also assumed that the diaphragm has a linear deflection from the centre to the edge. When the minimum diameter of the bonded surface is larger than the inner diameter of the ferrule, two cases are possible as illustrated in Fig. 1 1 . The value of G (the shear modulus) for increasing and decreasing diaphragm pressure will be a function of the shear stress and should ideally be measured. However, for the present modelling, two different but constant values for G are assumed to apply in the case of increasing and decreasing pressures.
Figures 12 and 13 illustrate the results of the present modelling for a 12.7jim thick copper diaphragm (1 10) bonded to the ferrule using an Araldite epoxy with the two different edges conditions (illustrated in Fig. 10) . Properties for the Araldite were estimated from available data4 which gives E=68OMPa for Araldite 2016. We have estimated shear modulus values as G=23OMPa for an increasing load and 177MPa for a decreasing load. The internal and external diameter of Araldite were taken as 0.4mm and 2mm respectively and its thickness was taken as 5iirn.
The results of the bond modelling presented in Fig. 12 indicate that the type of diaphragm edge restraint has an influence on the diaphragm deflection hysteresis. For example, if a pressure change of 700kPa is imposed and then removed from the diaphragm with edge support (Fig. lOa) , the cavity length obviously decreases and then increases, but will remain about 5Onm less than its initial length (see Fig. 12 ). In the case of the diaphragm with no edge support (Fig.  lOb) , the corresponding hysteresis value is only about 2Onm (see Fig. 12 ). The diaphragm without edge support is confirmed as the more attractive configuration when it is recognised that the value of diaphragm deflection at maximum load in the case with edge support is less than in the configuration without edge support. Figure 13 illustrates the relative hysteresis which is defined as the diaphragm deflection that remains when the pressure is removed divided by the diaphragm deflection (at r=O) at maximum pressure. For example if the pressure increases from zero to 700 kPa and then decreases to zero, the remaining deflection is about 1% of the deflection at 700 kPa for a diaphragm with edge support and only 0.2% for a diaphragm without edge support.
Confmed air in the cavity
The air inside the cavity between the end face of the fibre and the diaphragm can also contribute to the net sensor hysteresis. To estimate the magnitude of this effect, it is first assumed that the diaphragm is subjected to a sudden change in external pressure which causes an adiabatic reduction in the air cavity volume. It is then assumed that there is enough time for the air cavity temperature to return to the ambient temperature of the surrounding materials through a heat transfer process. Finally, it is assumed that the return of the external pressure to its initial value induces an adiabatic volume change in the cavity air. The diaphragm deflection (and hence the changes in air cavity volume) were calculated using Eq. (4).
Results from this modelling are presented in Figs. 14 and 15. The change of pressure within the confined air cavity is expected to be less than lkPa for the present conditions (see Fig. 14) and hence it is reasonable to assume that the confined air pressure is essentially constant during the pressure calibration process. The change of temperature is also expected to be negligible (see Fig. 15 ), and for a 10pm cavity length, the anticipated change is less than 0. 1°C for the present calibration conditions. It should be noted that the change of diaphragm temperature will be less than values that are presented in Fig. 15 which are for the cavity air temperature. Figure 16 presents the apparent deflection hysteresis calculated from the current model and is expected to provide an upper estimate for the magnitude of this effect. When the applied pressure returns to its initial value, the pressure of the confined air will be less than its initial value because of its lower temperature due to heat transfer.
Calibration tube
The temperature of the air inside the calibration tube changes during the charging and discharging process and this could affect the apparent sensor performance. To model these effects, the air is assumed to be an ideal gas and heat transfer to and from the tube walls is considered. Heat transfer on the internal and external surfaces of the calibration tube is thought to be of a similar magnitude to free convection around a horizontal cylinder, for which standard heat transfer correlations are available. Figure 17 shows that substantial changes of temperature could occur within the tube. For example, on returning to the original pressure, the temperature is expected to be around 18°C lower than its initial value. Diaphragm temperature changes could be induced by such changes in tube air temperature, and as the diaphragm deflection will have some temperature sensitivity, apparent sensor performance may be affected. Figure 1 8 presents the change of air temperature inside the tube when the pressure returns to its initial value as a function of the calibration process duration. A strong relationship between calibration tube air temperature and the duration of the calibration process is apparent. For example, Fig. 18 shows that to have only a 0. 1°C change of temperature on returning to the initial pressure, at least 3hrs are required for the calibration process. Fig. 2 1 and Fig. 7 , it can be seen that the tension load cycling with the aluminium material reduces the simulated hysteresis effect from around l5OkPa to l5kPa. Similarly, through a comparison of Fig. 22 and Fig. 8 , it can be seen that the simulated hysteresis effect in the copper material is decreased from around l5OkPa to 5OkPa. While load cycling is expected to reduce the mechanical hysteresis effect, tension load cycling the foil material is unlikely to yield optimal results because: 1) microstructural changes may occur during the process of bonding the foil to the zirconia; and 2) the diaphragm stress state is not uniaxial tension. A more practical solution would be to pressure load cycle the diaphragm after bonding it to the zirconia. Results from both tension and pressure load cycling are presented in Section 6. 
REDUCTION OF HYSTERESIS
Diaphragm bonding material and arrangement
Mechanical hysteresis in the bonding material and the diaphragm bond arrangement play an important role in the overall sensor hysteresis problem. Based on the results of the previous sections: 1) the bonding material should remain only on the surface of the diaphragm that faces the ferrule because the type of edge restraint can have an effect on the hysteresis; 2) a bonding material with high G (shear modulus) should be used to reduce the shear deflection; 3) the thickness of the bonding material should be low to minimize the shear deflection; 4) the bonding material should have an inherently low mechanical hysteresis of identifiable magnitude; 5) load cycling the bond may reduce the hysteresis effects; and 6) an initial diaphragm deflection could reduce hysteresis. While this last point has not yet been directly discussed, it is suggested by the results in Fig. 14 which indicate that the relative hysteresis reduces with increasing diaphragm deflection. The relative diaphragm deflection hysteresis for a pressure of 700kPa as a function of the initial (zero pressure) diaphragm deflection is presented in Fig. 23 . This is for the case of a 12.7j.tm thick copper diaphragm (1 10) bonded to the ferrule with Araldite, as discussed in Section 4.2. \' /1
Mother consequence of providing an initial deflection when bonding the foil to the ferrule is the decrease in temperature sensitivity of the diaphragm deflection. Figure 24 illustrates the assumed geometry for the calculation of temperature sensitivity effects. The length L changes according to L=L(1+aET), (5) where L0 is the initial deflected diaphragm radius, L is the deflected diaphragm radius after the temperature change, a is the thermal expansion coefficient, and AT is the change in temperature. The calculation of deflection due to temperature effects (IXH -see Fig. 24 ) is simply a matter of geometry because the radius of the cavity (a) is assumed to remain constant. For a cavity diameter of 125pm and aluminium (cz=24pni/m°C), copper (a=16.4pm/m°C) and silicon ( Us12.49.tm/m°C) diaphragms, the calculated temperature sensitivity is presented in Fig. 25 as a function of the initial diaphragm deflection. In some applications it is more convenient to express the diaphragm deflection due to temperature effects as an apparent pressure change. Assuming a diaphragm pressure sensitivity of 0. 167nm/kPa, the results of Fig. 25 are expressed in terms of an apparent pressure change in Fig. 26 . The results of this approximate modelling indicate that an initial deflection equal to diaphragm radius (62.5 pm) can decrease temperature sensitivity 500 times for a silicon diaphragm from 1000 to 2kPaJK. 
Confined air in the cavity
The confined air in the cavity does not make a significant contribution to the apparent hysteresis observed during quasistatic pressure calibration. However, it may have an important effect in high temperature, high frequency and/or sub- an apparent pressure change) with initial diaphragm deflection atmospheric pressure environments which could cause the diaphragm to deflect outwards resulting in problems such as diaphragm buckling and loss of reflected power. Ideally, the cavity should be evacuated during sensor construction.
Calibration tube
The change of air temperature in the calibration tube could change the diaphragm temperature and may therefore contribute to the apparent hysteresis of the sensor. Calibrations should be performed over a long time period -perhaps as much as 3Krs or more, and the room temperature should remain fixed during calibration. A more practical solution is to perform the pressure calibrations using liquid medium instead of the air. In this case the calibrations could be performed rapidly.
NEW CONSTRUCTION TECHNIQUE
A new sensor construction technique, adopting some of the suggestions discussed in Section 5, was tested. The diaphragm material for the new sensor was 12.7prn thick copper (1 10), and the foil material was exposed to 500 load cycles (to a maximum stress of around 13OMPa) in the tension testing machine prior to bonding onto the zirconia ferrule. Araldite 24 hours was applied to the zirconia surface and its thickness was reduce by spinning the ferrule at around 30,000rpm in a high speed drill. The chosen epoxy has a working life of around 1 hour, so approximately 30mm after spinning the ferrule, the diaphragm was positioned on the ferrule using a gloved finger. This method of diaphragm positioning has the advantage of imparting a slight initial deflection to the diaphragm, although the magnitude of such an initial deflection remains unquantified. For construction simplicity, no attempts were made to evacuate the air in the cavity as it has been shown that the cavity pressure will have only a mmnor effect on quasi-static calibration. The diaphragm has a larger diameter than the ferrule to prevent the glue from providing diaphragm edge support. The overhanging portion of the diaphragm is removed using nitric acid after the epoxy has completely cured (24 hours).
Pressure calibrations were performed over a period of about 20mm. For this calibration duration, a maximum change in air temperature within the calibration tube of around 6°C is expected (see Fig. 18 ). The temperature of diaphragm will change by less than 6°C and because of initial diaphragm deflection, the temperature change in the calibration tube should not have a major affect on the results. The calibration results for this type of sensor construction are illustrated in Fig. 27 which shows that the sensor still has around 3OkPa hysteresis in a maximum range of around 600kPa. Further reductions in hysteresis are possible through pressure cycling. After 10 pressure cycles with a range of 700kPa, the calibration results for the same sensor are presented in Fig. 28 which demonstrates a reduction in hysteresis to less than 10 kPa in a range of 600kPa. Figure 29 shows the calibration results from other sensor, which was constructed using the same method described above, one week after applying a cyclic tension load to the foil material. The calibration results shows around lOOkPa hysteresis. To reduce hysteresis in this sensor, a purpose-build pressure cycling tube was constructed. After 2000 pressure cycles over a range of 400kPa, the sensor which previously demonstrated around lOOkPa hysteresis (Fig. 29) demonstrated less than lOkPa hysteresis as is illustrated in Fig. 30 . 
CONCLUSION
The hysteresis effects associated with fibre optically-addressed diaphragm pressure sensors have been investigated. It is demonstrated that without due attention to hysteresis issues, substantial problems are likely to be encountered. A number of techniques to reduce hysteresis effects have been proposed and investigated theoretically. Experimental results demonstrate the substantial reduction of hysteresis effects that can be achieved by: 1) tension load cycling the diaphragm material prior to bonding to the ferrule; and 2) pressure load cycling subsequent to sensor construction. Using the techniques outline in this publication, practical miniature pressure sensors with metallic diaphragms and a high measurement bandwidth can now be constructed at a low cost.
